Summary
Earth structures, such as embankments, require ongoing monitoring and maintenance to identify potential failure zones and to compensate for the effects of settlement. Extreme weather events leading to prolonged periods of desiccation or saturation are becoming more frequent and threaten embankment stability. Recent research has shown that geoelectrical methods can be successfully applied to the investigation of these structures (Jackson et al., 2002; Sjodahl et al. 2006) . In this paper we further develop electrical resistivity tomography (ERT) as a non-invasive tool for characterising and monitoring earth embankments.
A study is described in which ERT was applied alongside intrusive techniques to investigate and monitor a section of Victorian Great Central Railway embankment, near Nottingham, UK. A number of modes of deployment were considered including linear 2D ERT arrays both parallel and perpendicular to the long-axis of the embankment and 3D imaging arrays. The resulting ERT images, when calibrated using intrusive geotechnical testing and core samples, revealed the spatial variability of the embankment soils. Parallel ERT sections were used to identify major discontinuities between material types at locations associated with poor track geometry. Perpendicular ERT sections also revealed significant internal heterogeneity, and were used to monitor seasonal changes in the moisture content within the embankment.
Embankment Characteristics
The test area covers a 100 m length of embankment (y = -20 to 80 m), which includes the crest and the two flanks (x = 0 to 31 m). Geotechnical tests (trial pits, boreholes & cone penetration tests) were restricted primarily to the crest of embankment (x = 8 to 24 m). However, resistivity sections extended the full length and width of the area. All resistivity data were collected using the dipole-dipole array configuration, and were inverted using Res2DInv software. Data collected parallel to the embankment long-axis (y) used electrode arrays with dipoles of 1.5, 3, 4.5 and 6 m, and unit dipole separations of 1 to 8, whilst measurements collected on the perpendicular sections employed dipoles of 1, 2, 3, and 4 m, and unit dipole separations of 1 to 8. Resistivity data collected during an initial reconnaissance survey of the site during September 2005 is shown in Figure 1 .
Intrusive investigations within the test area have shown that the embankment is approximately 5.5 m high, and is underlain by Mercia Mudstone bedrock. The embankment comprises weathered mudstone material between y = -20 and 40 m, which was excavated from a nearby cutting and is characterized by relatively low resistivities of < 100 Ωm (Figure 1 , ERT section x = 18.5 m). Beyond y = 40 m the composition of the embankment changes to gravel, sand and silt, and is characterized by resistivities significantly in excess of 100 Ωm. At the interface between these two distinct lithologies significant distortions in track geometry can be observed, which are likely to be the result of differential settlement. The compositional changes shown in the resistivity section parallel to the embankment long-axis are also seen in the perpendicular sections at y = 0, 20, 40 & 60 m (Figure 1) . However, these sections also show significant features associated with variations in moisture content within the embankment. In particular, the flanks are dominated by relatively high resistivities due to moisture loss from evaporation and transpiration during the preceding summer months.
Seasonal monitoring
To better understand the spatial extent and magnitude of moisture content changes within the embankment in the area of poor track geometry a permanent ERT imaging array was installed as a perpendicular section at y = 40 m. Datasets have been collected at intervals of approximately 6 weeks in order to monitor seasonal changes. To-date datasets have been collected for the period July 2006 to March 2007. These time-lapse data were inverted using Res2DInv. The July dataset was inverted with smoothness-constrained (l 2 -norm) least-squares method to produce a reference model. Then each of the subsequent datasets was inverted using the July 2006 image as an initial model. A spatial l 2 -norm constraint was applied to the 
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The time-lapse resistivity models and corresponding differential images are shown in Figure  2 . This figure shows that drying of the embankment flanks continued until November 2006, after which time resistivities across the near surface of the embankment decreased. By March 2007 elevated moisture levels, as identified by decreases in resistivity, are shown to extend to more than 4 m below ground level. Greater infiltration of moisture appears to have occurred on the western flank, from x = 0 to 10 m, than is seen on the eastern flank; this may be a function of the prevailing wind direction resulting in uneven evaporation across the embankment, or differences in the density and type of vegetation on the two flanks. The general decrease seen in near surface resistivities over the winter months does not appear to be a function of increased rainfall, which is relatively consistent over the monitoring period (Figure 3 ). Instead it is likely to be primarily due to decreased vegetation cover and lower temperatures during the winter, which reduced evaporative loss of moisture from the embankment allowing water to penetrate deeper into the subsurface. 
Conclusions and Future Work
Qualitative seasonal changes in moisture content have been monitored within an earth embankment using 2D ERT. Monitoring will continue for an additional 18-month period to allow the collection of data over two entire yearly cycles. Additional monitoring arrays will be installed at other locations within the test area to study the response of different embankment materials (e.g. gravel, sand and silt) to drying and wetting cycles. Direct in-situ and laboratory-based moisture content and resistivity measurements of embankment materials will be carried out to calibrate the resistivity models and to move towards a quantitative assessment of moisture content changes using ERT data.
